In this paper a cohesive formulation is proposed for modelling intergranular and transgranular damage and microcracking evolution in brittle polycrystalline materials. The model uses a multi region boundary element approach combined with a dual boundary element formulation. Polycrystalline microstructures are created through a Voronoi tessellation algorithm. Each crystal has an elastic orthotropic behaviour and specific material orientation. Transgranular surfaces are inserted as the simulation evolves and only in those grains that experience stress levels high enough for the nucleation of a new potential crack. Damage evolution along (inter-or transgranular) interfaces is then modelled using cohesive traction separation laws and, upon failure, frictional contact analysis is introduced to model separation, stick or slip.
Introduction
Polycrystalline materials are commonly used in many engineering applications. In this work attention is focused on failure mechanisms of brittle polycrystalline materials such as ceramics, where the features and properties of the microstructure play a pivotal role in the elastic response of the whole structure and eventually in its failure. Models for describing damage nucleation and growth can be considered over different ranges of length scale [1] . Since real fracture processes are the result of synergism of factors, many parameters should be taken into account in order to describe in a satisfactory way the different scenarios of damage evolution within the material. The main features include: grain elastic properties, level of anisotropy and grain orientation, their morphology, grain size distribution within the aggregate, stiffness and toughness mismatch [2] .
In the framework of computational micromechanics many authors have developed models mainly for intergranular damage evolution or for transition to transgranular mode of fracture using finite element method [3, 4, 5] .
In the present paper a cohesive boundary element formulation is presented for modelling intergranular and transgranular damage nucleation and propagation in polycrystalline aggregates, with a particular attention to the competition between these two mode of fracture and to the parameters which influence the kind of microscopic damage nucleation, such as critical fracture energies and cohesive parameters. Each grain is modelled as a single crystal with general orthotropic mechanical behaviour and generic material orientation so that in global coordinates each grain has an anisotropic contribution. Thus by simply applying a random or preferential material orientation distribution throughout the aggregate it is easy to simulate respectively an overall isotropic or directional behaviour. Grain boundary interfaces as well as cracks within the grains are modelled using cohesive laws which allow for nucleation and propagation of cracks under mixed mode conditions. Cohesive laws derived from a scalar potential and the effect of the releasing of this hypothesis have been considered so that general relationship between mode I and mode II of fracture can be simulated. As the generic interface/crack completely deteriorate within its cohesive regime, a non-linear frictional contact analysis is used in order to simulate sliding or sticking contact of free surfaces.
Inter-and Trans-granular model
Intergranular damage evolution within the boundary element framework was already presented in [6, 8, 10] . However if micromechanical aspects of fracture related to polycrystalline materials need to be investigated, both modes of fracture have to be included in the model (at least in brittle regime).
The basic grain boundary formulation is briefly presented here with attention to the transition to transgranular fracture by nucleating cracks throughout simulation's evolution. For each grain H=1,..., N g , being N g the number of grains, two integral equations can be considered:
Eq. 1 and Eq. 2 are respectively displacement and traction boundary integral equation used together in order to take into account the simultaneous presence of grain boundary and grain's interior elements (where required). and are displacement and traction values while represent displacement jumps, at intergranular or transgranular elements. , , and are 2D anisotropic fundamental solutions [8, 9] evaluated by collocating at or at and integrating at . Cohesive traction-separation laws are considered in order to provide the relationship between and for both intergranular and transgranular surfaces. Since transgranular elements are inserted into the model as the simulation evolves and only when it is required, a nucleation/propagation criterion has been used to decide where and when a new potential cohesive crack need to be nucleated. Maximum circumferential stress criterion has been employed so that transgranular elements are nucleated in a direction where the circumferential stress is maximum:
and only when the maximum circumferential stress is higher that a critical value:
In the same fashion a criterion more suitable for cracks nucleation and propagation under compression loading has been introduced by considering absolute value of shear stress [7] .
Numerical simulations
In order to demonstrate the validity of the model in comparison with phisycal results and other numerical behaviours, a few simulations are presented. Fig. 1 shows three microstructures with the same size but with different grain size (ASTM G = 11.7, 12.5, 13.5). Silicon carbide (SiC) microstructures were considered with the following overall properties: Young's modulus E = 470 Gpa, poisson ratio ν = 0.19, fracture toughness K I = 3 MPa√m, cohesive strenght T max = 500 Mpa and friction coefficient µ = 0.2. In Fig. 2 the resulting microcracking patterns are presented, with different extents of transgranular damage in each case. The general trend suggests a more brittle and transgranular behaviour for coarse grains with a tendence to more intergranular failure for finer grains. Other simulations wanted to investigate the effect of different intergranular and transgranular critical energies on damage final path. By considering energies ratios G G ⁄ = 0.7, 0.8, 0.9, different transgranular damage extent has been obtained, showing however that the simple presence of this mode of fracture influence the behaviour either in comparison with the other cases and with the purely intergranular ones (Fig. 3 ). Finally damage evolution under compression has been simulated in a 90 grains silicon carbide microstructure (ASTM G = 11). Both intergranular and transgranular surfaces show a direction of propagation at about 45° with respect to the direction of application of load, thus in good agreement with experimental observations.
Summary
In this work, microcracking of brittle polycrystalline materials was modelled using a cohesive approach for intergranular and transgranular damage evolution with a boundary element formulation. The model is able to take into account the stochastic effect of each grain's elastic properties, morphology and material orientation. Transgranular elements are inserted into the microstructure during the simulation only in those grains that meet the nucleation criterion and only when it is required; this strategy keeps the computational effort low even though the solution in some internal point is evaluated. Upon failure of any inter-or transgranular interface, non linear frictional contact analysis is introduced to model separation or contact between failed interfaces.
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Advances in Fracture and Damage Mechanics XV Fig. 3 : Stress-Strain curves for the three energy ratios considered.
